We used the cell-attached patch clamp technique to investigate the interaction ofexogenous prostaglandins (PG), intracellular ICa2"I , and protein kinase C (PKC) on the high selectivity, 4 pS Na' channel found in the principal cell apical membrane of rabbit cortical collecting tubule (CCT) cultures grown on collagen supports with 1.5 MiM aldosterone. Application of 0.5 ,M PGE2 to the basolateral membrane decreased mean NP0 (number of channels times the open probability) for apical Na' channels by 46.5% (n = 9). There was no consistent change in NP0 after apical 0.5 MtM PGE2 (n = 12) or after apical or Invest. 1992Invest. . 90:1328Invest. -1334
Introduction
Mammalian cortical collecting tubule (CCT)' principal cells are responsible for mineralocorticoid-dependent Na+ reabsorption and, as such, represent the primary point for discretionary control of total body Na+ balance (1) (2) (3) (4) . At a molecular level, this transepithelial Na+ transport is regulated by alter-ing the permeability of Na+ channel proteins located in the principal cell apical membrane (5, 6) .
The mechanisms for controlling Na+ reabsorption can be thought of as a threefold hierarchy. The first level involves circulating hormones interacting with specific receptors at the basolateral (serosal) cell surface. The second level involves intracellular second messenger cascades that transduce the hormonal signal from the basolateral to the apical (luminal) membrane, where the primary control ofNa+ transport occurs. The third level involves molecular events confined to the local microenvironment of the apical membrane itself. Apical membrane-bound regulatory elements activated by cytosolic second messengers then directly modulate high selectivity Na+ channel molecules.
Several groups have demonstrated that basolateral PGE2 exposure (first level or hormonal control) inhibits Na+ reabsorption in microperfused rabbit CCT (7) (8) (9) (10) (11) . Studies by Marver (12) and Stokes (13) suggest that inhibition of Na+ transport in rabbit CCT by basolateral PGE2 occurs at the apical Na+ entry step (i.e., Na+ channel), rather than at the basolateral Na+ exit step (Na+, K+-ATPase). Hebert et al. have shown that this inhibitory response to exogenous PGE2 is dependent on the release ofintracellular Ca2+ stores (second level or second messenger control) ( 11). Activation ofthe Ca2+-dependent enzyme, protein kinase C (PKC) also inhibits sodium absorption in isolated rabbit CCT (12, 14) . Previously, we have shown that feedback-inhibition of single, high selectivity Na+ channel activity in amphibian distal nephron cells (A6) is mimicked by activation of PKC in the apical membrane, but not the basolateral membrane, and is reversed by PKC inhibition (third level control or local microenvironmental control) ( 15) .
We have recently characterized sodium-permeable channels present in the principal cell apical membranes of rabbit CCI grown in primary culture (3) . The low conductance (4 pS) channel has all the physiologic properties predicted from studies ofmacroscopic Na+ absorption in microperfused rabbit CCT, namely high Na+ selectivity, mineralocorticoid-dependence, amiloride-sensitivity, and long mean open times (seconds). The present study examines inhibition ofNa+ reabsorption in the rabbit CCT by exogenous PGE2 at the level of the high selectivity Na+ channel using patch clamp methodology and rabbit CCT primary cultures. We also investigate the role of intracellular Ca2+ and protein kinase C in PGE2-induced inhibition of principal cell Na+ channels.
Methods
Preparation of rabbit cortical collecting tubule primary cultures. As previously described, kidneys were dissected from New Zealand white rabbits (1-2 kg) in ice-cold Hepes-buffered saline solution containing ( (3, (16) (17) (18) . The renal cortex was separated and incubated for 60 minutes at 370C (equilibrated with 4% CO2 in air) in a solution containing: 4 ml of Hepesbuffered saline, 0.25 ml 10% BSA, 6.2 mg ofcollagenase (type I; Sigma Chemical Co., St. Louis, MO), and 4 ml of RK-l medium. RK-l medium contains 50% Ham's F-12 (by volume) and 50% DME (high bicarbonate and glucose) supplemented with 5 mg/liter transferrin, 5 mg/liter insulin, 0.05 MM sodium selenite, and 0.05 MM hydrocortisone, pH 7.4. The cell mixture was then washed three times by suspension in RK-I media and pelleting at 150 g for 1.5 min. CCT fiagments were separated by one high speed centrifugation ( 15,000-30,000 g) in an isotonic mixture of 50% Percoll and saline.
CCT fragments, contained in the lower part ofthe Percoll Fl separation band, were plated at confluent density on permeable, glutaraldehyde-fixed collagen films attached to the bottoms of small lucite rings (3, 15, 17, 18) . This sided preparation allows patch pipette accessto the apical membrane, and separate control of the apical and basolateral bath compositions (Fig. 1 (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) were obtained on principal cell apical membranes, as previously described (3, 17, 18 When channels were too numerous to clearly distinguish the individual channel current levels by histogram, the amplitude of single channel events were measured from the actual patch clamp recordings. The total number offunctional channels (N) in the patch were preliminarily estimated by observing the number ofpeaks detected on current amplitude histograms. As a measure of high selectivity Na+ channel activity, NP0 (number of channels times the open probability) was calculated ( 19 Experiments were conducted in a paired fashion with each cell-attached patch membrane acting as its own control. Data is reported as mean values±SD.
Results
High selectivity 4-pS Na' channels were identified in apical cell-attached patches of principal cells of rabbit CCT primary cultures (3). This channel was distinguished from other Na' permeable channels (i.e., low selectivity, 9 pS; and nonselective, 30 pS) by its lower unitary conductance, nonlinear current-voltage (I-V) relationship, longer mean open times and inward current (pipette to cell) at all applied potentials, Vapp < +80 mV (cell interior with respect to pipette interior) (3). In previous patch clamp studies of high selectivity Na+ channels in rabbit and rat CCT, and amphibian distal nephron cells (A6), large variability in baseline channel activity was observed between different patches (3, 15, 20) . Because ofthis, each cell-attached patch was used as its own control when proposed regulatory factors were added to the apical bath (outside the patch pipette) or basolateral bath ( Fig. 1) .
Exogenous, basolateral prostaglandin E2 inhibits apical, high selectivity, Na' channels. In the cell-attached patch configuration, baseline channel activity was recorded at resting cell membrane potential (applied pipette potential, VaPP = 0 mV). (46.5% decrease) (n = 9). In contrast, comparable Na+ channel inhibition was not observed when 0.5 MM PGE2 was applied to the apical membrane outside the cell-attached patch pipette (n = 12) (Fig. 3) . The change in NPO after basolateral application of PGE2 appeared specific, since neither apical (n = 4) nor basolateral (n = 4) exposure to 0. (Fig. 4 A) and decreased NP0 in 7/7 cell-attached patches (Fig. 4 B) (Figs. 2-4, 6, and 7) . However, underthese conditions, basolateral application of0.5 uM PGE2 no longer inhibited Na' channel activity suggesting an important modulatory role for intracellular Ca2+ (n = 7) (Fig. 5 A and B) .
Ca2"-dependent PKC mediates Na' channel inhibition by basolateral PGE2. Despite the apparent involvement of intracellular Ca2+, we have previously shown that Na+ channel activity in principal cells of this rabbit CCT preparation is not inhibited when the cytoplasmic surface of excised inside-out patches are directly exposed to increasing free Ca2+ concentrations ( I0-'-I0-1 M) (3). One possible alternative mediator of an indirect effect ofcytoplasmic Ca2+ on apical Na' permeability is Ca2+-induced activation of calcium/phospholipid-dependent PKC ( 15, 22) . PKC activation by phorbol esters does inhibit Na+ reabsorption in rabbit CCT at a whole tissue level and in rat CCT at a single channel level (14, 23) .
PKC was activated by applying 0.1 ,uM phorbol ester, 4,3-phorbol 12-myristate 13-acetate (n = 5), or 10,uM synthetic diacylglycerol, 1-oleyl-2-acetylglycerol (n = 4) to the apical surface of rabbit CCT primary cultures. Mean NP0 for high selectivity Na+ channels decreased by 44.1% (Fig. 6 A and B) . However, basolateral application of 0.1 ,uM PMA (n = 10) or 10 uM OAG (n = 8) produced inconsistent effects on Na+ channel activity (Fig. 7) . In addition, exposure of the apical membrane to 0.1 MuM inactive phorbol ester, 4a-phorbol, did not affect Na+ channel activity (n = 4) (data not shown).
To determine ifthe basolateral effect ofPGE2 was mediated by apical PKC, we established cell-attached apical patches on primary cultures pretreated with 100 MM PKC antagonist, Dsphingosine, in the apical bath for 30 min (24) . Baseline mean NP0 in the presence ofD-sphingosine alone (0.41±0.13; n = 8) was not significantly different from control channel activity in principal cells grown without pretreatment (mean NPO = 0.45+0.19; n = 55) (Figs. 2-4, 6, and 7) . Subsequent exposure to 0.5 MM PGE2 on the basolateral surface resulted in no consistent reduction in Na+ channel activity (n = 8) (Fig. 8 A  and B) . Figure 3 . Effect of apical PGE2 on high selectivity Na+ channels. Na+ channel activity, measured as NP0 is depicted before and after apical 0. 5 We have previously characterized Na'-permeable channels in principal cell apical membranes of rabbit CCT primary cultures (16) chronically exposed to aldosterone (1.5 ,uM) and grown on permeable collagen supports (3, 17) . The most frequently observed Na' channel (69% of successful patches) is mineralocorticoid-dependent and sensitive to amiloride. It has a low unitary conductance (4 pS), rectifying current-voltage (I-V) relationship, high Na' to K+ permeability ratio (PNa/PK > 19:1), long mean open times (2.1±0.5 sec), and inward current (pipette to cell) at all applied potentials, VaPP < +80 mV (cell interior with respect to pipette interior). At resting membrane potential, mean P_ was 0.38+0.17, and the mean number of observed channels was 2.4±0. 7 .
Several groups have demonstrated that basolateral PGE2 inhibits Na+ absorption in microperfused rabbit CCT (7-1 1 ) . The present study is the first to use patch clamp methods to investigate at a single channel level the mechanism for inhibition of distal nephron Na+ transport by exogenous PGE2.
Apical membrane Na+ channels are inhibited by basolateral membrane PGE2 exposure. Exogenous application of 0.5 ,gM PGE2 to the basolateral membrane bath resulted in a 46.5% inhibition of apical Na+ channel activity (NP0) in rabbit CCT primary cultures. In vitro perfusion studies ofrabbit CCT show inhibition of lumen to bath 22Na flux (JNa) ranging from 20 to 80% with peritubular bath PGE2 exposure (7-1 1 ). This large variability likely reflects the different experimental protocols used in these studies, such as the presence or absence ofdeoxycorticosterone, arginine vasopressin, (AVP), and meclofenate. We examined rabbit CCT cultures that had been chronically 10-100 ,M range causes 50% inhibition of rabbit cortical and medullary collecting tubule Na+,K+-ATPase activity ( 12, 25) .
However, since these latter concentrations are orders ofmagnitude higher than the PGE2 concentration (0.5 JAM) that inhibited the high selectivity Na+ channel, we believe that our results largely reflect inhibition of apical Na+ entry rather than the basolateral Na+ exit step. The physiologic range of PGE2 concentrations in the renal cortex is near 1 MM (26). Marver ( 12) demonstrated that inhibition of basolateral Na+,K+-ATPase activity by 10 MM PGE2 occurs secondarily to a primary decrease in luminal Na+ entry. PGE2-induced decreases in Na+,K+-ATPase activity were abolished if apical Na+ entry was maintained with monensin (a Na+ ionophore). Stokes ( 13) also concluded that inhibition of Na+ transport by PGE2 occurs at the apical Na+ entry step in isolated rabbit CCT, since PGE2 increases lumen to bath K+ flux similar to the effects of blocking sodium channels with amiloride, instead of decreasing K+ flux as seen when Na+, K+-ATPase activity is blocked with ouabain. We also observed a sidedness to the inhibitory responses of exogenous PGE2. The decrease in apical, Na+ channel NP0 was larger and more consistent when applied to the basolateral rather than the apical membrane ofrabbit CCT cultures. Transepithelial potential difference decreases when PGE2 is added to the peritubular but not luminal bath in isolated rabbit CCT (7, 8, 26) . These observations are consistent with recent evidence, suggesting that multiple receptors for PGE2 exist in the rabbit CCT basolateral membrane (11, 27, 28) .
Release ofintracellular Ca2" stores byPGE2 indirectly modulates Na+ channel inhibition. It is well established that changes in intracellular Ca2+ modulate Na4 transport in tight epithelia, including mammalian CCT ( 11, 15, 20, 22, 29, 30 of PKC from the soluble to membrane fraction within minutes (32) . We have shown that apical exposure of rabbit CCT principal cells to PKC agonists (PMA or OAG) results in apical Na' channel inhibition. D-sphingosine is an endogenous PKC antagonist that competitively interacts with diacylglycerol and Ca2+, and affects the regulatory domain of PKC (24) . Apical pretreatment with this PKC inhibitor prevented the inhibitory effects ofbasolateral PGE2 on the apical Na' channel. Exposure to D-sphingosine alone did not stimulate channel activity when compared to control patches. Since all experiments were performed under conditions (i.e., permeable supports; mineralocorticoids) that promote maximal apical sodium transport, we might not expect additional Na' channel stimulation by PKC inhibition. We have not examined the effects of D-sphingosine on rabbit CCT cultures grown in the absence of aldosterone.
In contrast to apical application, basolateral PMA or OAG yielded confficting responses with much less consistent or dramatic channel inhibition. This sidedness (apical > basolateral) of Na' transport inhibition by PMA and OAG has also been noted by ourselves and others in A6 distal nephron cells ( 15, 33) . We propose that basolateral membrane-associated PKC, generated from PGE2 receptor-mediated activation of phospholipase C, does not directly mediate apical Na' channel inhibition. Instead, inositol 1,4,5-triphosphate (1P3)-mediated release of intracellular Ca2+, the other limb of PGE2-induced PLC activation, causes translocation of PKC to the apical membrane which then directly modulates apical Na' channel inhibition. These observations may explain the observation that basolateral exposure to PKC antagonists (staurosporine or H-7) alone inhibits rabbit CCT JNa ( 1). Basolateral PKC is also known to feedback and inhibit the PGE2 receptor (25) .
Numerous examples of ion channels modulated by phosphorylation exist (15, 34) . PKC activation by phorbol esters inhibits sodium transport in microperfused rabbit CCT ( 14) , and Marver ( 12) has demonstrated that PGE2-induced inhibition of apical Na+ permeability in rabbit CCT occurs through stimulation of PKC. In the latter study, basolateral Na+,K+-ATPase activity falls secondary to decreased luminal Na+ entry. PGE2-and phorbol ester-induced decreases in Na+,K+-ATPase activity were reversed by staurosporine (a PKC inhibitor) or monensin (a Na+ ionophore). We have previously shown that apical exposure to PMA or OAG decreases single Na+ channel activity in A6 distal nephron cells, which is reversed by another PKC inhibitor, sphingosine. Cell-attached patches of freshly dissected rat CCT also show a decrease in open Na+ channel density following treatment with phorbol esters (22) .
Conclusion. Modulation of the high selectivity 4-pS Na+ channel in rabbit cortical collecting tubules involves a complex system constituting a three-level hierarchy of regulation: First, interaction of circulating hormone (PGE2) with principal cell basolateral membrane receptors stimulates basolateral effectors (phospholipase C); second, activation of intracellular signalling cascades (IP3-sensitive Ca2+ pool release) transduce basolateral membrane signals to the apical membrane; and finally, the third level of regulation occurs at a molecular level within the apical membrane and involves second messenger (PKC) interaction with apical membrane-associated molecules including the Na+ channel protein itself.
